Introduction {#s1}
============

Ischemia and reperfusion (IR) injury (IRI) is a primary cause of cardiac failure, morbidity, mortality after cardiac operations [@pone.0107832-Hausenloy1] or heart infarctions [@pone.0107832-Yellon1]. Determining how to salvage the viable myocardial tissue and restore its electrical and mechanical functions has become a primary focus in clinical settings [@pone.0107832-SchwartzLongacre1]. There are many powerful strategies to limit IRI [@pone.0107832-Ovize1], [@pone.0107832-Mewton1], [@pone.0107832-Skyschally1]. However, many strategies involve procedures with certain limitations (such as safety and ethics). Thus, alternative methods have been explored, including protective drug delivery at the beginning of reperfusion [@pone.0107832-Hausenloy2], [@pone.0107832-Eltzschig1].

Astragalus membranaceus, which is a Chinese traditional medicine, has long been used for the management of various diseases [@pone.0107832-Ren1]--[@pone.0107832-Wu1]. Medicinally active compounds have been isolated from this plant, including astragalosides, polysaccharides, and flavones. Astragaloside IV (Ast IV, which has the chemical structure shown in [Figure 1](#pone-0107832-g001){ref-type="fig"}) is one of the main active constituents of astragalosides. Ast IV is non-toxic and non-mutagenic, and it mediates a wide spectrum of biological functions, such as cardioprotection, metabolic syndrome, antioxidant and anti-carcinogenic properties [@pone.0107832-Ren1]. Recent reports have indicated that Ast IV can attenuate IRI in the brain [@pone.0107832-Li1], kidney [@pone.0107832-Gui1], liver [@pone.0107832-Cheng1], retina [@pone.0107832-Gui2], and skin [@pone.0107832-Chen1] under various experimental conditions. The protective effects against myocardial IRI have been reported in different animal models in which Ast IV was administered before ischemia (Ast IV pre-treatment) [@pone.0107832-Li2]--[@pone.0107832-Wu1]. However, whether post-ischemia treatment with Ast IV has a potential protective effect against IRI in the heart has not been well investigated.

![The chemical structure of Astragaloside IV.](pone.0107832.g001){#pone-0107832-g001}

Over the past decade, the transcriptional complex hypoxia inducible factor-1α (HIF-1α) has emerged as a key regulator of the molecular hypoxic response and is a master regulator of the cellular and systemic homeostatic responses to hypoxia by activating the transcription of many genes, including those involved in energy metabolism, angiogenesis, apoptosis, and other genes, the protein products of which increase oxygen delivery or facilitate metabolic adaptation to hypoxia [@pone.0107832-Semenza1]. HIF-1α plays an essential role in embryonic vascularization, tumor angiogenesis, and the pathophysiology of ischemic disease. In particularly, HIF-1α activation plays an essential role in triggering cellular protection and metabolic alterations in response to oxygen deprivation during myocardial ischemia [@pone.0107832-Lee1]. It has been reported that an increase in the level of HIF-1α is one of the first adaptive responses that occur at the molecular level of the myocardium to ischemia [@pone.0107832-Adluri1]. Experimental studies have suggested that HIF-1α may act as a mediator of ischemic preconditioning and that the genetic or pharmacological stabilization of HIF-1α under normoxic conditions may protect the heart against the detrimental effects of acute IRI [@pone.0107832-Cai1]. Other studies have demonstrated that post-conditioning reduces infarct size, attenuates apoptosis, and up-regulates the expression of HIF-1α [@pone.0107832-Zhao1], [@pone.0107832-FangLi1]. It has also been reported that Ast IV stimulates angiogenesis and increases HIF-1α accumulation via the phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) pathway [@pone.0107832-Zhang2]. However, whether HIF-1α plays an important role in the cardioprotection of post-ischemia treatment with Ast IV requires further investigation.

HIF-1α attribute to the activation of Inducible nitric oxide synthase (iNOS), which in turn further stabilize HIF-1α and rapidly amplify the innate defense pathway [@pone.0107832-HellwigBurgel1]. Regarding the mechanisms of iNOS-mediated protection, several recent studies have reported that NO generated from activated iNOS stimulates guanylate cyclase enhances the formation of cGMP and thereby activates protein kinase G, leading to the subsequent opening of mitochondrial ATP-sensitive K^+^ channels and the inhibition of the mitochondrial permeability transition pores [@pone.0107832-Cuong1]--[@pone.0107832-Jones1]. It has also been previously reported that NO donors under normoxic conditions stimulate HIF-1α expression, resulting in iNOS expression and NO generation [@pone.0107832-Brune1]. By virtue of these results, HIF-1α has become an attractive molecular target for limiting IRI through modulating iNOS gene expression.

In this study, post-ischemia treatment with Ast IV was used as an adjuvant to foster the amelioration of IRI in cultured cardiomyocytes and isolated perfused rat hearts, and the involvement of the HIF-1α signaling pathway in the protection was also evaluated.

Materials and Methods {#s2}
=====================

Materials {#s2a}
---------

This study was performed according to the Guide for the Care and Use of Laboratory Animals, which was published by the U.S. National Institutes of Health (National Institutes of Health Publication No. 85--23, revised 1996), and was approved by the Ethics Committee of the Fourth Military Medical University. All experiments were performed on healthy adult male Sprague-Dawley rats that weighed between 220--250 g or on 1- to 2-day-old Sprague-Dawley rats, which were obtained from the animal center of the Fourth Military Medical University. The rats were kept in a pathogen-free environment with free access to food and water.

Ast IV, 2-Methoxyestradiol (2-MeOE2), collagenaseI, bromodeoxyuridine (BRDU), triphenyltetrazolium chloride (TTC), 5-diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), ethylene diamine tetraacetic acid (EDTA), and 4′6-diamino-2-phenylindole (DAPI) were purchased from Sigma-Aldrich (St. Louis, MO, USA). HIF-1α siRNA, siRNA transfection reagents, HIF-1α antibody, and iNOS antibody were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Bcl2, Caspase3, and β-actinantibodies were purchased from Cell Signaling Technology (Beverly, MA, USA). Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) kits were purchased from Roche (Mannheim, Germany). Dulbecco\'s modified eagle medium (DMEM) and fetal calf serum were purchased from Hyclone Company (Logan, Utah, USA). The fluorescein isothiocyanate (FITC)-Annexin V/propidium iodide (PI) staining kit and Bradford protein assay kit were purchased from the Beyotime Institute of Biotechnology (Nanjing, Jiangsu, China). The Bradford protein assay kit was purchased from Pierce Company (Rockford, IL USA). Rabbit anti-goat, goat anti-rabbit, and goat anti-mouse secondary antibodies were purchased from Zhongshan Company (Beijing, China).

Preparation of primary neonatal cardiomyocytes and simulated ischemia reperfusion (SIR) treatment {#s2b}
-------------------------------------------------------------------------------------------------

The primary cultures of neonatal rat cardiomyocytes from 1- to 2-day-old Sprague-Dawley rats were prepared using a previously reported method [@pone.0107832-Yang1]. Newborn Wistar rats were disinfected with 70% ethanol and then euthanized by cervical dislocation. Hearts were excised and placed in a sterile ADS solution (116 mM NaCl, 20 mM HEPES, 80 µM Na~2~HPO~4~, 56 mM glucose, 5.4 mM KCl, 800 mM MgSO~4~--7H~2~O; pH 7.35). Blood and connective tissue were removed, ventricles were minced and subjected to five and 15 min enzymatic digestions using collagenase I and pancreatin. Rat neonatal cardiac fibroblasts (RNCF) and myocytes (RNCM) were separated via pre-plating for 2 h. Following isolation, RNCM were cultured overnight in DMEM media containing 10% FBS and 1% BRDU at 37°C in a humidified incubator with 5% CO~2~. The following day, media were replaced. 3--4 days later, the cells were used for the further experiments.

The SIR was performed using concentrations of potassium, hydrogen, and lactate, similar to those that occur in vivo. Briefly, the cardiomyocytes were exposed to an ischemic buffer containing the following reagents (in mM): NaCl (137), KCl (12), MgCl~2~ (0.49), CaCl~2~·2H~2~O (0.9) and HEPES (4) [@pone.0107832-Smart1]--[@pone.0107832-Esumi1]. This buffer was also supplemented with the following compounds (in mM): deoxyglucose (10), sodium dithionate (0.75) and lactate (20). The buffer pH was 6.5, and the cells were incubated for 2 h in a humidified cell culture incubator (21% oxygen, 5%CO~2~, 37°C). Reperfusion was initiated by returnning to a normal humidified cell culture incubator (21% oxygen, 5%CO~2~, 37°C) and normal medium for 4 h. At the onset of reperfusion, the cardiomyocytes were randomly exposed to one of the following treatments: normal culture medium (DMEM media containing 10% FBS and 1% BRDU), Ast IV (0, 12.5, 25, 50, 100, or 200 µM) with or without 2-MeOE2 (5 µM, based on preliminary experiments) in culture medium.

Cell viability {#s2c}
--------------

Cell viability was assessed using the MTT assay. After treatment, the cells were washed with PBS, and 100 µL of a 0.5 mg/ml MTT solution in phenol red-free DMEM was added to the cell cultures. The samples were incubated for 4 h at 37°C. Next, 100 µL of DMSO was added to each well, and the samples were shaken for 15 min at 37°C. The absorbances were measured at 490 nm ona SpectraMax 190 spectrophotometer (Molecular Device, Sunnyvale, CA, USA). The reduction in optical density (OD) was considered to be the decrease in the survival rates.

Flow cytometry to measure apoptosis {#s2d}
-----------------------------------

Cell apoptosis was detected with the FITC-Annexin V/PI staining kit. After treatment, the cells were harvested, washed in ice-cold PBS, incubated for 15 min with fluorescein-conjugated Annexin V and PI, and analyzed on a FACScan flow cytometer equipped with the FACStation data management system and Cell Quest software (all from Becton Dickinson, San Jose, CA, USA).

Isolated perfused rat heart preparation {#s2e}
---------------------------------------

As described previously [@pone.0107832-Yang2], SD rats were intraperitoneally anesthetized with sodium pentobarbital (50 mg/kg). Twenty minutes after an intraperitoneal injection of 500 U/kg heparin sodium, the chest was opened. The heart was quickly removed and retrogradely perfused through the aorta with a non-circulating Langendorff apparatus (Radnoti Glass Technology Inc., Monrovia, CA, USA) at a constant pressure of 80 mmHg. The perfusate was Krebs-Henseleit buffer (KHB) containing (in mM) 118 NaCl, 4.7 KCl, 1.2 MgSO~4~, 1.2 KH~2~PO~4~, 1.25 CaCl~2~, 25 NaHCO~3~, and 11 glucose (pH 7.4, 37°C, which was constantly gassed with 95% O~2~ and 5% CO~2~. The left ventricular developed pressure (LVDP) and heart rate (HR) were monitored via a transducer (Model 100 BP-Biopac System Inc., Goleta, CA, USA) that was connected to a water-filled latex balloon inserted into the left ventricle through the left atrium. At the beginning of the experiment, the left ventricular end-diastolic pressure (LVEDP) was adjusted to approximately 5 mmHg by inflating the balloon. The isolated heart was surrounded by a homoeothermic glass cover (37°C) to maintain temperature. All the of the data were recorded and stored with the AcqKnowledge 3.8.1 software package and a Biopac Data Acquisition System (Model 100 BP-Biopac System Inc.). The index of the myocardial function was determined by the LVDP and the maximum rate of change in pressure development (+dP/dt max). The LVDP is presented as the difference between the left ventricular peak systolic pressure and the end-diastolic pressure, and the +dP/dt max is the rate of change in pressure development, which is also a typical indicator of cardiac function. The coronary effluent was collected during the reperfusion for biochemical assays. Ast IV (20 µM, based on preliminary experiments) with or without 2-MeOE2 (2 µM, based on preliminary experiments) was added to the KHB during the first 10 min of reperfusion.

Quantitation of myocardial infarct size {#s2f}
---------------------------------------

At the end of the reperfusion period, each heart was rapidly excised and serially sectioned length-wise into six slices, followed by incubation in 1 % TTC for 20 min at 37°C to demarcate the viable and non-viable myocardium. The isolated hearts were subjected to global ischemia; therefore, the entire ventricle was considered to be area at risk (AAR). The normalized infarct size was expressed as the ratio of the infarct size to the total AAR. An observer (blind protocol) was assigned to assess the percentage of infarcted area using computer-assisted planimetry technique (OPTIMAS v. 5.2, BioScan Inc., Edmonds, WA, USA) [@pone.0107832-Yang1].

Measurement of lactate dehydrogenase (LDH) release into the culture medium and coronary effluent {#s2g}
------------------------------------------------------------------------------------------------

Cardiomyocyte injury was assessed by measuring LDH release into the culture medium. Briefly, at the end of treatment, the incubation medium was stored at 4°C, and the same volume of cold buffer (10 mM Tris-HCl, pH 7.4, 1 mM EDTA) was added to the cells. The cells were then scraped and lysed by trituration. The lysates were centrifuged at 4°C, and the supernatant was stored at 4°C. The LDH concentrations in the medium (released LDH) and in the cell lysate (retained LDH) were measured using a spectrophotometric assay. The results are expressed as the percentage of released LDH relative to the total (released plus retained) LDH. Isolated heart injury was assessed by measuring the LDH concentration in the coronary effluent. The LDH levels in the coronary effluent were determined using the same ELISA kit, following the manufacturer\'s instructions. The amount of LDH released during the 60 min of reperfusion was determined by by calculating the total amount of LDH protein from individual 5-min collection of coronary effluent. The LDH level was normalized against the dry heart weight and expressed as IU/g. And the lyophilized tissue was dried in an oven at 100°C until its dry weight became constant.

Quantitation of apoptotic cardiomyocytes {#s2h}
----------------------------------------

A portion of the myocardium from the mid-left ventricle of the middle slices was fixed in 4% formalin. The level of myocardial apoptosis was analyzed by TUNEL staining. A double-staining technique was used; TUNEL staining was used to quantitate apoptotic cell nuclei, and DAPI staining was used to quantitate the total myocardial cell nuclei. The TUNEL-positive cells that showed green nuclear staining and all of the cells with blue nuclear DAPI staining were counted within five randomly chosen fields under a high power magnification. The index of apoptosis was expressed as the ratio of positively stained apoptotic myocytes to the total number of myocytes counted×100%.

Real Time Reverse Transcription--Polymerase Chain Reaction (Real time RT-PCR) Measurements of mRNA {#s2i}
--------------------------------------------------------------------------------------------------

Real-time RT-PCR was used to assess abundances of iNOS and β-actin mRNA. Total RNA was isolated using Trizol Reagent (Invitrogen, Carlsbad, CA, USA). cDNA was synthesized from total RNA with Taqman reverse transcriptase (Applied Biosystems, Foster City, CA, USA). cDNA were amplified in a Smart Cycler II (Cepheid, Sunnyvale, CA, USA) by a SYBR Green Polymerase Chain Reaction Master Mix (Promega, Madison, WI, USA) and an Applied Biosystems 7500 Real-Time Polymerase Chain Reaction System (Carlsbad, CA, USA). Two-step real-time polymerase chain reaction was performed (95°C for 15 seconds, 60°C for 60 sec extension and detection, 40 cycles) with specific primers for iNOS (forward 5′-CTTTTAGAGACGCTTCTGA G-3′ and reverse 5′-TTTGATGCTTGTGACTCTTA-3′) and β-actin (forward: 5′-TCTTTTCCAG CCTTCCTTCTTG-3′; reverse: 5′-GCACTGTGTTGGCATAGAGGTC-3′). Abundances of amplified genes were assessed by analysis of cycle threshold.

Western blot analyses {#s2j}
---------------------

After being treated, the cardiomyocytes or cardiac tissues were homogenized in lysis buffer containing 50 mM Tris--HCl (pH 7.3), 150 mM NaCl, 5 mM EDTA, 1 mM dithiothreitol, 1% Triton X-100, and 1% protease inhibitor cocktail. The lysates were centrifuged for 15 min at 12,000 g, and the resulting supernatant was transferred to a new tube and stored at −70°C. The protein concentrations were determined using a Bradford protein assay kit, and the proteins were separated by electrophoresis and transferred to nitrocellulose membranes. The membranes were blocked for 1 h in Tris-buffered saline and Tween 20 (TBST, pH 7.6) that contained 5% non-fat dry milk and then incubated overnight at 4°C with antibodies against HIF-1α, iNOS(1∶500 dilution), Bcl2, Caspase3, or β-actin (1∶1,000 dilution) followed by washes with TBST. The membranes were then probed with appropriate secondary antibodies (1∶2,000 dilution) at room temperature for 90 min, followed by washes with TBST. The protein bands were detected by chemiluminescence and were quantified using the Quantity One software package (Bio-Rad Laboratories, UK).

RNA silencing of HIF-1α {#s2k}
-----------------------

HIF-1α siRNA transfection was performed with siRNA transfection reagent according to the manufacturer\'s protocols. HIF-1α siRNA (2 nmol/L) was mixed with a transfection reagent added to primary neonatal cardiomyocytes and equivalent concentrations of scrambled sequence siRNA (con siRNA) were transfected for negative control. Silencing of HIF-1α transcription was confirmed by western blot.

Statistical analysis {#s2l}
--------------------

All of the experiments were performed in duplicate and repeated at least three times. The data are expressed as the means ± the standard error of the mean (SEM). Group comparisons were performed using an ANOVA (SPSS 13.0). All of the groups were analyzed simultaneously with a LSD t-test. A difference of P\<0.05 was considered to be statistically significant.

Results {#s3}
=======

The effect of post-ischemia treatment with Ast IV on the viability of SIR-injured cardiomyocytes {#s3a}
------------------------------------------------------------------------------------------------

Cultured cardiomyocyte survival following SIR was assessed by MTT assay ([Figure 2](#pone-0107832-g002){ref-type="fig"}). As expected, SIR induced significant decreases in cell viability to 18.7±1.9% compared with control cells (P\<0.01), while Ast IV treatment resulted in a significant increase in cell survival, restoring the cell survival rate to 39.7±2.4% (12.5 µM), 44.1±3.1%(25 µM), 50.4±3.4%(50 µM), 41.7±2.1%(100 µM), and 19.2±1.7% (200 µM) (all P\<0.01). The protective effect of 50 µM Ast IV was the most effective; therefore, this concentration was selected for further research. Additionally, the viability of the primary neonatal cardiomyocytes after 24 h, 48 h, or 72 h of treatment with Ast IV (12.5, 25, 50, 100, or 200 µM) was assessed using the MTT assay. As expected, Ast IV (12.5, 25, 50, or 100 µM) had no effect on the normal primary neonatal cardiomyocytes ([Figure S1](#pone.0107832.s001){ref-type="supplementary-material"}).

![The effect of post-ischemia treatment with Ast IV on the viability of SIR-injured cardiomyocytes.\
Cardiomyocyte viability was assessed using the MTT assay. The results are expressed as the mean±SEM, n = 6. ^aa^P\<0.01 vs. Control; ^b^P\<0.05 vs. SIR; ^bb^P\<0.01 vs. SIR; ^c^P\<0.05 vs. SIR+Ast IV(12.5 µΜ); ^cc^P\<0.01 vs. SIR+Ast IV(12.5 µΜ); ^d^P\<0.05 vs. SIR+Ast IV(25 µΜ); ^e^P\<0.05 vs. SIR+Ast IV(50 µΜ); ^ee^P\<0.01 vs. SIR+Ast IV(50 µΜ). SIR, simulated ischemia reperfusion; Ast IV, Astragaloside IV.](pone.0107832.g002){#pone-0107832-g002}

The effects of Ast IV and 2-MeOE2 post-ischemia treatment on the viability, LDH release, and apoptotic index of SIR-injured cardiomyocytes {#s3b}
------------------------------------------------------------------------------------------------------------------------------------------

Post-ischemia treatment with Ast IV (50 µM) markedly increased the cell survival rate, to 50.4±3.4%, following SIR (vs. SIR group, P\<0.01; [Figure 3A](#pone-0107832-g003){ref-type="fig"}). In addition, post-ischemia treatment with Ast IV significantly decreased the apoptotic index and LDH release (vs. SIR group, P\<0.01; [Figures 3B and 3C](#pone-0107832-g003){ref-type="fig"}). In comparison with the control group, the Ast IV treatment group presented a non-significant effect on the cell survival rate and LDH release. However, the protective effect of post-ischemia treatment with Ast IV was abolished by 2-MeOE2 (vs. SIR+Ast IV group, P\<0.01). Compared with the control treatment, SIR+Ast IV treatment did not have a significant impact on increasing the survival rate or decreasing the LDH release of the SIR-injured cardiomyocytes.

![The effects of Ast IV and 2-MeOE2 post-ischemia treatment on cell viability, LDH release, and apoptotic index of SIR-injured cardiomyocytes.\
(A). Cardiomyocyte viability was assessed using the MTT assay. (B). An ELISA assay was performed to detect the release of LDH in culture medium. (C). Representative flow cytometry apoptotic results are shown. Four subpopulations and their fractions are indicated: normal cells (lower left), dead cells (upper left), early apoptotic cells (lower right), and late apoptotic cells (upper right). The apoptotic index is expressed as the number of apoptotic cells/the total number of counted cells ×100%. The results are expressed as the mean±SEM, n = 6. ^aa^P\<0.01 vs. Control; ^bb^P\<0.01 vs. SIR; ^cc^P\<0.01 vs. SIR+Ast IV. SIR, simulated ischemia reperfusion; Ast IV, Astragaloside IV; 2-MeOE2, 2-methoxyestradiol; LDH, lactate dehydrogenase.](pone.0107832.g003){#pone-0107832-g003}

The effects of Ast IV and 2-MeOE2 post-ischemia treatment on HIF-1α, iNOS, Bcl2, and Caspase3 expression in SIR-injured cardiomyocytes {#s3c}
--------------------------------------------------------------------------------------------------------------------------------------

As shown in [Figure S2A](#pone.0107832.s002){ref-type="supplementary-material"}, SIR+Ast IV-treatment significantly increased iNOS mRNA expression to 6.37±0.87-fold that of the control (vs. SIR group, P\<0.01). However, this effect of SIR+Ast IV treatment on iNOS mRNA expression was abolished by 2-MeOE2 (vs. SIR+Ast IV+2-MeOE2 group, P\<0.01). As expected, SIR+2-MeOE2 treatment significantly decreased iNOS expression, to 0.97±0.14-fold that of the control (vs. SIR group, P\<0.01).

As shown in [Figures 4A and 4B](#pone-0107832-g004){ref-type="fig"}, post-ischemia treatment with Ast IV significantly increased HIF-1α, iNOS, and Bcl2 protein expression, to 4.36±0.20-fold, 4.11±0.14-fold, and 4.14±0.17-fold of the control, respectively, whereas Caspase3 expression decreased to 0.45±0.087-fold that of the control (vs. SIR group, P\<0.01). The effects of post-ischemia treatment with Ast IV on the expression of HIF-1α, iNOS, Bcl2, and Caspase3 were abolished by 2-MeOE2 (vs. SIR+Ast IV group, P\<0.01).

![The effects of Ast IV and 2-MeOE2 post-ischemia treatment on HIF-1α, iNOS, Bcl2, and Caspase3 protein expression in SIR-injured cardiomyocytes.\
(A). Western blot image for HIF-1a and iNOS protein expression. (B). Western blot image for the expression of Bcl2 and Caspase3. The results are expressed as the mean±SEM, n = 6. ^a^P\<0.05 vs. Control; ^aa^P\<0.01 vs. Control; ^bb^P\<0.01 vs. SIR; ^cc^P\<0.01 vs. SIR+Ast IV. SIR, simulated ischemia reperfusion; Ast IV, Astragaloside IV; 2-MeOE2, 2-methoxyestradiol.](pone.0107832.g004){#pone-0107832-g004}

The effects of Ast IV and 2-MeOE2 post-ischemia treatment on the cardiac function, infarct size, apoptotic index, and LDH release of IR-injured isolated hearts {#s3d}
---------------------------------------------------------------------------------------------------------------------------------------------------------------

The results for the isolated rat hearts were consistent with those that were obtained for the cardiomyocytes. As expected, after the IR procedure, the absolute HR, LVDP, +dP/dt max, and coronary flow (CF) values were significantly decreased compared with the baseline values (P\<0.01). Post-ischemia treatment with Ast IV significantly increased the functional recovery of the post-ischemic hearts, which was demonstrated by significantly higher HR, LVDP, +dP/dt max, and CF values throughout the reperfusion period compared with those of the IR group (P\<0.01). Compared with the IR group, the IR+2-MeOE2 treatment had no significant influence on cardiac function (P\>0.05). However, 2-MeOE2 significantly attenuated the functional recovery of the post-ischemic hearts, which was demonstrated by significantly lower HR, LVDP, +dP/dt max, and CF values throughout the reperfusion period compared with those of the IR+Ast IV group (P\<0.01; [Figures 5A--5D](#pone-0107832-g005){ref-type="fig"}).

![The effects of Ast IV and 2-MeOE2 post-ischemia treatment on cardiac function of IR-injured isolated hearts.\
(A). Representative line graph for the LVDP curve. (B). Representative line graph for the HR curve.(C). Representative line graph for the +dP/dt max curve. (D). Representative line graph for the CF curve. The results are expressed as the mean±SEM, n = 6. ^a^P\<0.05 vs. Control; ^aa^P\<0.01 vs. Control; ^b^P\<0.05 vs. IR; ^bb^P\<0.01 vs. IR; ^c^P\<0.05 vs. IR+Ast IV; ^cc^P\<0.01 vs. IR+Ast IV. IR, ischemia reperfusion; Ast IV, Astragaloside IV; 2-MeOE2, 2-methoxyestradiol; HR, heart rate; LVDP, left ventricular peak developing pressure; +dP/dt max, the maximum rate of pressure change in the ventricle; CF, coronary flow.](pone.0107832.g005){#pone-0107832-g005}

The infarct size (39.70±3.47%; [Figure 6A](#pone-0107832-g006){ref-type="fig"}) and the number of apoptotic cardiomyocytes (44.2±4.23%; [Figure 6B](#pone-0107832-g006){ref-type="fig"}) in the IR hearts were significantly reduced by post-ischemia treatment with Ast IV, to 13.50±2.07% and 18.28±2.46%, respectively (vs. IR group, P\<0.01). In contrast, in the IR+Ast IV+2-MeOE2 group, the myocardial infarct size was 34.52±2.95%, and the percentage of apoptotic cardiomyocytes was 40.21±3.74% (vs. IR+Ast IV group, P\<0.01). Compared with the IR treatment, IR+2-MeOE2 treatment had no significant influence on the myocardial infarct size or the number of apoptotic cardiomyocytes.

![The effects of Ast IV and 2-MeOE2 post-ischemia treatment on the infarct size, apoptotic index, and LDH release of IR-injured isolated hearts.\
(A). Representative images of the myocardial infarct size are shown. The infarction size is expressed as the percentage of infarct relative to the mass at risk. (B). Representative images of apoptotic cardiomyocytes are shown. The apoptotic cells were detected by immunofluorescent staining with TUNEL (green)and DAPI (blue) staining was used to label the nuclei. (C). The amount of LDH was normalized against the dry weight of the heart and is expressed as IU/g. The results are expressed as the mean±SEM, n = 6. ^aa^P\<0.01 vs. Control; ^bb^P\<0.01 vs. IR; ^cc^P\<0.01 vs. IR+Ast IV. IR, ischemia reperfusion; Ast IV, Astragaloside IV; 2-MeOE2, 2-methoxyestradiol; LDH, lactate dehydrogenase.](pone.0107832.g006){#pone-0107832-g006}

The total LDH release that was measured in the coronary effluent in the IR group was significantly increased compared with that in the control group (39.47±3.14 vs. 8.24±0.78 IU/g, P\<0.01). Post-ischemia treatment with Ast IV significantly reduced LDH release in the IR+Ast IV group, to 25.17±2.84 IU/g (vs. IR group, P\<0.01). Compared with IR treatment alone, IR+2-MeOE2 treatment had no significant influence on LDH release. However, compared with LDH release in the IR+Ast IV group, LDH release in the IR+Ast IV+2-MeOE2 group increased significantly, to 35.47±2.37 IU/g (vs. IR+Ast IV group, P\<0.01; [Figure 6C](#pone-0107832-g006){ref-type="fig"}).

The effects of post-ischemia treatment with Ast IV and 2-MeOE2 on HIF-1α, iNOS, Bcl2, and Caspase3 expression in IR-injured isolated hearts {#s3e}
-------------------------------------------------------------------------------------------------------------------------------------------

As shown in [Figure S2B](#pone.0107832.s002){ref-type="supplementary-material"}, IR+Ast IV treatment significantly increased iNOS mRNA expression, to 5.48±0.65-fold that of the control (vs. IR group, P\<0.01). However, the AST IV protective effects on iNOS mRNA expression was abolished by 2-MeOE2 (vs. IR+Ast IV+2-MeOE2 group, P\<0.01). As expected, IR+2-MeOE2 treatment significantly decreased iNOS expression, to 1.24±0.17-fold that of the control (vs. IR group, P\<0.01).

As shown in [Figures 7A and 7B](#pone-0107832-g007){ref-type="fig"}, post-ischemia treatment with Ast IV significantly increased HIF-1α, iNOS, and Bcl2 protein expression, to 4.12±0.33-fold, 4.92±0.27-fold, and 0.82±0.033-fold that of the control, respectively, and decreased Caspase3 expression to 1.87±0.14-fold that of the control (vs. IR group, P\<0.01). However, the AST IV protective effects on the protein expression of HIF-1α, iNOS, Bcl2, and Caspase3 were abolished by 2-MeOE2 (vs. IR+Ast IV group, P\<0.01).

![The effects of Ast IV and 2-MeOE2post-ischemia treatment on HIF-1α, iNOS, Bcl2, and Caspase3 protein expression in IR-injured isolated hearts.\
(A). Representative images of HIF-1α and iNOS expression are shown. (B). Representative images of Bcl2 and Caspase3 expression are shown. The results are expressed as the mean±SEM, n = 6. ^aa^P\<0.01 vs. Control; ^bb^P\<0.01 vs. IR; ^cc^P\<0.01 vs. IR+Ast IV. IR, ischemia reperfusion; Ast IV, Astragaloside IV; 2-MeOE2, 2-methoxyestradiol.](pone.0107832.g007){#pone-0107832-g007}

The effects of Ast IV and HIF-1α siRNA post-ischemia treatment on SIRI cardiomyocytes {#s3f}
-------------------------------------------------------------------------------------

Ast IV markedly increased the cell survival rate, to 48.7±5.1%, following SIR (vs. SIR group, P\<0.01; [Figure 8A](#pone-0107832-g008){ref-type="fig"}). However, the AST IV protective effects as reflected by the increased cell survival rate were abolished by HIF-1α siRNA (vs. SIR+Ast IV+HIF-1α siRNA group, P\<0.01; [Figure 8A](#pone-0107832-g008){ref-type="fig"}), not by control siRNA. Additionally, Ast IV treatment significantly decreased the apoptotic index (P\<0.01; [Figure 8B](#pone-0107832-g008){ref-type="fig"}). However, the AST IV protective effects were abolished by HIF-1α siRNA (vs. SIR+Ast IV+HIF-1α siRNA group, P\<0.01; [Figure 8B](#pone-0107832-g008){ref-type="fig"}), not by control siRNA.

![The effects of Ast IV and HIF-1α siRNA post-ischemia treatment on SIR-injured cardiomyocytes.\
(A) Cardiomyocyte viability was assessed using the MTT assay. (B) Representative flow cytometry apoptotic results are shown. Four subpopulations and their fractions are indicated: normal cells (lower left), dead cells (upper left), early apoptotic cells (lower right), and late apoptotic cells (upper right). The apoptotic index is expressed as the number of apoptotic cells/the total number of counted cells ×100%. (C) Representative images of HIF-1α and iNOS protein expression are shown. The results are expressed as the mean±SEM, n = 6. ^aa^P\<0.01 vs. Control; ^bb^P\<0.01 vs. SIR+Con siRNA; ^cc^P\<0.01 vs. SIR+Con siRNA+Ast IV. ^dd^P\<0.01 vs. SIR+HIF-1α siRNA+Ast IV. SIR, simulated ischemia reperfusion; Ast IV, Astragaloside IV.](pone.0107832.g008){#pone-0107832-g008}

As shown in [Figure S2C](#pone.0107832.s002){ref-type="supplementary-material"}, Ast IV treatment significantly increased iNOS mRNA expression, to 4.27±0.24-fold that of the control (vs. SIR+con siRNA group, P\<0.01). However, the AST IV protective effects were abolished by HIF-1α siRNA (vs. SIR+Ast IV+HIF-1α siRNA group, P\<0.01). As expected, SIR+HIF-1α siRNA treatment significantly decreased iNOS expression, to 1.14±0.18-fold that of the control (vs. SIR+con siRNA group, P\<0.01).

As shown in [Figure 8C](#pone-0107832-g008){ref-type="fig"}, Ast IV treatment significantly increased HIF-1α and iNOS protein expression, to 3.66±0.54-fold and 4.41±0.21-fold that of the control, respectively (vs. SIR+con siRNA group, P\<0.01). However, the AST IV protective effects were abolished by HIF-1α siRNA (vs. SIR+Ast IV+HIF-1α siRNA group, P\<0.01)

Discussion {#s4}
==========

To our knowledge, this is the first study to demonstrate that post-ischemia treatment with Ast IV conferred a cardioprotective effect on isolated rat hearts and cardiomyocytes, as evidenced by improved post-ischemic cardiac functional recovery (or cell viability), decreased myocardial infarct size, diminished LDH release into the coronary effluent (or cell culture medium), and a reduced number of apoptotic cardiomyocytes. In addition, the cardioprotective effect of Ast IV treatment was abolished by 2-MeOE2 or HIF-1α siRNA. These results indicate that the cardioprotective effect of Ast IV treatment is at least partially dependent on activation of the HIF-1α signaling pathway.

Ast IV, which possesses a variety of pharmacological and biological properties, can potentially mediate cardiovascular protection [@pone.0107832-Zhao2]. This compound\'s protective effects against myocardial IRI have been reported in different animal models. For example, Ast IV prevents IR-induced cardiac malfunction and maintains the integrity of the myocardial structure by regulating energy metabolism. Aside from its cardioprotective effects, 20 mg/L Ast IV treatment shows no adverse effects on normal perfused hearts [@pone.0107832-Zhang1]. Our results further demonstrated that post-ischemia treatment with Ast IV mediated significant protective effects against IRI.

Originally described as a master regulator of oxygen homeostasis, the HIF-1α pathway has been recognized as an important signaling pathway for a variety of stress responses, including ischemia, hypoxia, and oxidative stress [@pone.0107832-Semenza1]. The HIF-1α signaling pathway has also been recognized as a fundamental component of the intrinsic survival pathways that protect against IRI [@pone.0107832-Adluri1]--[@pone.0107832-FangLi1]. A recent study revealed that Ast IV is a novel regulator of HIF-1α and angiogenesis through the PI3K/Akt pathway in human umbilical vein endothelial cells (HUVECs) that are exposed to hypoxia [@pone.0107832-Zhang2]. 2-MeOE2, an endogenous metabolite of estradiol, inhibits HIF-1α and is an anti-angiogenic and antitumor agent [@pone.0107832-Mabjeesh1]. Recently published reports have provided in vitro and in vivo evidence that 2-MeOE2 has a direct effect on HIF-1α inhibition and is not the result of a "side effect" of mitotic arrest [@pone.0107832-Salama1], [@pone.0107832-Kim1]. In addition, at moderate concentrations, 2-MeOE2 has no direct toxic effects on slowly dividing non-tumor cells; however, it does lead to reliable inhibition of HIF-1α [@pone.0107832-Mabjeesh1]. Based on our preliminary experiments, 5 µM 2-MeOE2-treated cardiomyocytes and 2 µM 2-MeOE2-treated isolated hearts were used to investigate the role of the HIF-1α pathway in mediating the protective effects of post-ischemia treatment with Ast IV against myocardial IRI. Our results showed that 2-MeOE2 treatment led to loss of the protection conferred by Ast IV, and this pharmacological inhibition of HIF-1α signaling also abolished the Ast IV-induced increase in Bcl2 and decrease in Caspase3, which strongly suggested a possible interaction of HIF-1α and the anti-apoptotic pathways.

In the cardiomyocyte model, two strategies were used to explore the role of HIF-1α in the protective effects of post-ischemia treatment with Ast IV. First, the cardiomyocytes were exposed to Ast IV during the reperfusion procedure in the presence or absence of incubation with the HIF-1α inhibitor 2-MeOE2. Second, the cardiomyocytes were exposed to Ast IV during the reperfusion procedure with or without transfection with HIF-1α siRNA. The results confirmed that post-ischemia treatment with Ast IV can attenuate SIRI via HIF-1α activation, which transmits a survival signal to the myocardium.

NO, as a regulator of diverse pathophysiological mechanisms, plays an important role in the cardiovascular system. When NO is synthesized in large quantities by activated cells, it has cytotoxic properties, and it has been implicated in the pathophysiology of cardiovascular diseases [@pone.0107832-Lei1]. Among the at least three isoforms of NOS, iNOS is upregulated by hypoxia in cardiomyocytes [@pone.0107832-Strijdom1]. iNOS is possibly induced by HIF-1α [@pone.0107832-Dijkers1]. iNOS-NO induction may partially protect cardiomyocytes from SIRI. Belaidi and colleagues found that HIF-1α and iNOS appear to play a pivotal role in the delayed pharmacological myocardial preconditioning induced by cobalt, thus mimicking the effects of hypoxic preconditioning [@pone.0107832-Belaidi1]. In the present study, the upregulation of iNOS by post-ischemia treatment with Ast IV was reversed by 2-MeOE2 treatment, which indicates that HIF-1α activation by Ast IV may result in the activation of iNOS signaling and confer protection against myocardial IRI.

In summary, post-ischemia treatment with Ast IV can attenuate myocardial IRI through activating HIF-1α/iNOS pathway, which transmits a survival signal to the myocardium. In most circumstances, clinicians must save the ischemic myocardium following acute myocardial infarction or after unexpected myocardial stunning following a significant period of ischemic heart arrest during complicated heart surgery, which means that a post-ischemia treatment method of cardioprotection maybe more important than a pre-treatment method in clinical settings. Our results indicate that the attractiveness of post-ischemia treatment with Ast IV was due to its protective stimulus, which could be introduced at reperfusion; thus, post-ischemia treatment with Ast IV is more predictable and is potentially feasible in the clinical setting.

Supporting Information {#s5}
======================

###### 

**The effect of Ast IV on the cell viability of normal cardiomyocytes.** The results are expressed as the mean±SEM, n = 6. ^a^P\<0.05 vs. Control; ^aa^P\<0.01 vs. Control.

(TIF)

###### 

Click here for additional data file.

###### 

**iNOS mRNA expression before and after all sets of treatments.** (A) Real time RT-PCR for evaluating iNOS mRNA expression of SIR-injured cardiomyocytes, and β-actin was used as internal control. The results are expressed as the mean±SEM, n = 6. ^aa^P\<0.01 vs. Control; ^b^P\<0.05 vs. SIR; ^bb^P\<0.01 vs. SIR. ^cc^P\<0.01 vs. SIR+Ast IV. SIR, simulated ischemia reperfusion; Ast IV, Astragaloside IV.(B). Real time RT-PCR for evaluating iNOS mRNA expression of IR-injured isolated hearts, and β-actin was used as internal control. The results are expressed as the mean±SEM, n = 6. ^aa^P\<0.01 vs. Control; ^bb^P\<0.01 vs. IR; ^cc^P\<0.01 vs. IR+Ast IV. IR, ischemia reperfusion; Ast IV, Astragaloside IV.(C). Real time RT-PCR for evaluating iNOS mRNA expression of SIR-injured cardiomyocytes, and β-actin was used as internal control. The results are expressed as the mean±SEM, n = 6. ^aa^P\<0.01 vs. Control; ^bb^P\<0.01 vs. SIR+con siRNA. ^cc^P\<0.01 vs. SIR+con siRNA+Ast IV. SIR, simulated ischemia reperfusion; Ast IV, Astragaloside IV.

(TIF)

###### 

Click here for additional data file.
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